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ABSTRACT
The gravitational waves from Massive black-hole (MBH) binaries are expected to be detected
by pulsar timing arrays in the next few years. While they are a promising source for multi-
messenger observations as binary AGN, few convincing candidates have been identified in
electromagnetic surveys. One approach to identifying candidates has been through spectro-
scopic surveys searching for offsets or time-dependent offsets of broad emission lines (BLs),
which may be characteristic of Doppler shifts from binary orbital motion. In this study, we
predict the parameter space of MBH binaries that should be kinematically detectable. There
is a delicate trade-off between requiring binary separations to be large enough for BL regions
to remain attached to one of the AGN, but also small enough such that their orbital velocity
is detectable. We find that kinematic signatures are only observable for the lower-mass sec-
ondary AGN, for binaries with total-masses above about 108 M, and separations between 0.1
and 1 pc. We motivate our usage of a kinematic-offset sensitivity of 103 km s−1, and a sen-
sitivity to changing offsets of 102 km s−1. With these parameters, and an Eddington ratio of
0.1, we find that 0.5% of binaries have detectable offsets, and only 0.03% have detectable ve-
locity changes. Overall, kinematic binary signatures should be expected in fewer than one in
104 AGN. Better characterizing the intrinsic variability of BLs is crucial to understanding and
vetting MBH binary candidates. This requires multi-epoch spectroscopy of large populations
of AGN over a variety of timescales.
Key words: quasars: supermassive black holes, quasars: emission lines, gravitational waves,
accretion discs
1 INTRODUCTION
Binarity and multiplicity are observed at all astrophysical scales,
and binaries of massive black holes (MBHs) are believed to be
no exception. MBHs are almost ubiquitously observed in the cen-
ters of massive galaxies (Soltan 1982; Kormendy & Richstone
1995; Magorrian et al. 1998) which form through the hierarchical
merger of smaller galaxies (Blumenthal et al. 1984; Davis et al.
1985), and continue to merge throughout their lifetimes (Lacey
& Cole 1993; Guo & White 2008; Lotz et al. 2011; Newman
et al. 2012; Rodriguez-Gomez et al. 2015). Two MBHs that are
brought together through galaxy merger are only able to form a
gravitationally-bound MBH binary (MBHB), and possibly eventu-
ally coalesce, through extended dissipative interactions with their
local galactic environment (Begelman et al. 1980, i.e., dynamical
friction, stellar slingshots, circumbinary-disk torques). Only in a
fraction of systems, and over the course of gigayears, do MBHBs
reach sufficiently small separations (. 10−2 pc) for gravitational-
wave (GW) emission to become effective and the system to coa-
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lesce (Rajagopal & Romani 1995; Sesana et al. 2004; Milosavljevic´
& Merritt 2003; Merritt & Milosavljevic´ 2005; Kelley et al. 2017a).
During the final millions of years of inspiral, MBHBs pro-
duce GW signals detectable by pulsar timing arrays (Sazhin 1978;
Detweiler 1979; Hellings & Downs 1983; Foster & Backer 1990)
likely within the next few years (Rosado et al. 2015; Taylor et al.
2016; Kelley et al. 2017b; Mingarelli et al. 2017; Kelley et al.
2018). A number of electromagnetic signatures of MBHs in bina-
ries have been suggested when one or both MBH is accreting and
observable as an active galactic nucleus (AGN) or quasar (e.g., Ko-
mossa 2006; Popovic´ 2012; Bogdanovic´ 2015; Kelley et al. 2019a;
De Rosa et al. 2019). To date, it is still debated whether any ‘con-
firmed’ binaries have been observed, but the dual radio cores of
4C37.11 (Rodriguez et al. 2006; Bansal et al. 2017) and the peri-
odic flares of OJ-287 (Sillanpää et al. 1988; Valtonen et al. 2008;
Laine et al. 2020; cf. Abraham 2000; Agudo et al. 2012; Britzen
et al. 2018) are increasingly convincing. A growing sample of AGN
in merging galaxies and dual-AGN, typically at & kpc separations
(i.e. not gravitationally bound), have been identified. These results
suggest that AGN activity increases over the course of galaxy merg-
ers (Bennert et al. 2008; Koss et al. 2012; Comerford & Greene
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2014; Goulding et al. 2018), consistent with galaxy models and ob-
servations (Sanders et al. 1988; Barnes & Hernquist 1991, 1992).
Even before the underlying nature of AGN was solidified, it
was suggested that the emission lines characteristic of these objects
could be used to identify them in binaries (Komberg 1968; Gaskell
1983a). As in a stellar spectroscopic-binary, Doppler shifts due to
the orbital motion can create a kinematic offset between the AGN
line-center and the host-galaxy rest frame. Narrow emission lines
(NELs), with velocity widths . 103 km s−1 and inferred emitting
region sizes & 100 pc (e.g., Gaskell 1983b; Antonucci 1993), are
likely only produced at distances beyond where a MBH compan-
ion would be bound1. Broad emission lines (BLs) have widths of
∼ 104 km s−1 and emitting regions . pc (Ibid.), and thus can re-
main bound and co-move with an AGN inside the binary orbit. By
comparing the centroids of BLs to host stellar absorption or narrow
emission lines, many kinematically-offset binary candidates have
been put forward (Dotti et al. 2009; Tsalmantza et al. 2011; Era-
cleous et al. 2012b; Decarli et al. 2013; Ju et al. 2013; Shen et al.
2013; Liu et al. 2014; Runnoe et al. 2015).
The time variability of BLs has also been used to indicate pos-
sible binary motion (Gaskell 1996; Eracleous et al. 2012b; Bon
et al. 2012; Ju et al. 2013; Shen et al. 2013; Wang et al. 2017;
Liu et al. 2014; Guo et al. 2019) and to exclude or constrain the
presence of companions (Halpern & Filippenko 1988; Eracleous
et al. 1997b; Liu et al. 2016; Runnoe et al. 2017; Doan et al.
2020; Lu & Lin 2019). Another possible avenue of detection is
systems with double-peaked BLs, which may be produced by the
two components of a binary AGN moving relative to each other
(Gaskell 1983a). Some studies have put forward candidates from
double-peaked BL sources (Stockton & Farnham 1991; Eracleous
& Halpern 1994; Boroson & Lauer 2009; Popovic´ 2012; Decarli
et al. 2013; Tsai et al. 2013), while many others suggest these are
more likely produced by single AGN (Eracleous et al. 1997a; Er-
acleous & Halpern 2003; Strateva et al. 2003; Storchi-Bergmann
et al. 2003; Eracleous et al. 2009; Liu et al. 2016; Doan et al. 2020).
Keplerian rotation from a disk, for example, is known to produce
double-peaks that match observations (e.g., Eracleous et al. 1997a).
Recently, a number of pioneering theoretical studies have
carefully modeled the BL characteristics of binary AGN (Bog-
danovic´ et al. 2008; Shen & Loeb 2010a; Nguyen & Bog-
danovic´ 2016; Nguyen et al. 2019b,a). Studies using similar BLR-
photoionization models have also specifically targeted the rever-
beration mapping signatures of binary AGN (Wang et al. 2018; Du
et al. 2018; Kovacˇevic´ et al. 2020), and changes to flux-ratios of
lines due to the presence of a binary (Montuori et al. 2011, 2012).
Despite these precision modeling studies, a broader view of the ac-
cessible binary population and their parameters has only recently
been quantified. Ju et al. (2013) and Pflueger et al. (2018) use mod-
els of viscous + GW driven binary evolution to calculate the proba-
bility of kinematic detectability based on line-of-sight velocities of
each binary component. In Pflueger et al. (2018), the authors find a
sweet spot of detectability for mass ratios2 q ≡ M2/M1 between 0.2
and 0.4, and binary separations between 103 and 104 gravitational
radii, rg ≡ G(M1 + M2)/c2. Detectable systems constitute ≈ 1% of
their overall binary population.
The goal of the current study is to determine what types of
1 Although they are still useful for identifying dual-AGN in the same way
(e.g. Comerford et al. 2009, 2012; cf. Shen et al. 2011).
2 Note that this is likely due in part to their population priors.
MBHB systems are likely to be detectable from kinematic3 sig-
natures from optical AGN spectra. We expand on previous work
by 1) considering the competing processes that govern the observ-
ability of kinematic offsets, 2) determining the limiting plausible
sensitivity of surveys to kinematic signatures, and 3) utilizing self-
consistently derived populations of binary AGN. We emphasize the
critical importance of observed BLR sizes, which are not included
in the analysis of Pflueger et al. (2018). A lower-limit to viable bi-
nary separations is established by requiring that the BLRs remain
bound to each AGN. This criteria leads to an effective maximum
velocity offset, which acts against requirements based on survey
sensitivity. This effect is included in the analysis of Ju et al. (2013),
but the study does not include a realistic population of systems, and
is largely framed in the context of making constraints under the as-
sumption that all AGN are in MBH binaries.
In our study, we find that the resulting, viable parameter space
of detectable binaries is very narrow. Kinematic signatures are only
detectable in the lower-mass secondary AGN, in systems with rel-
atively extreme mass ratios: q . 10−2, and at separations between
0.1 and 1 pc (rg ≈ 103–104). We apply our selection criteria to a
population of MBHBs that are derived from cosmological hydro-
dynamic simulations and evolved using a suite of semi-analytic bi-
nary evolution models. While this population suffers from substan-
tial uncertainties, it is a far more comprehensive and self-consistent
approach than has been used for kinematic studies in the past. From
this population we present plausible binary parameters and detec-
tion rates that take into account the intrinsic distribution of sources
and survey selection effects. Ultimately, only a very small fraction
of all MBHBs are plausibly detectable: one in ∼ 102 for velocity
offsets, and one in ∼ 104 when time-variability is also required.
2 DETECTABLE PARAMETER SPACE
2.1 The BLR Radius and Truncation
AGN exhibit fairly tight scaling relationships between their lu-
minosity and the characteristic4 radius of the BLR (Koratkar &
Gaskell 1991; Kaspi et al. 1996, 2000), generally of the form,
RBLR = α
(
L
L0
)β
. (1)
Relations of this nature are believed to result from the BLR being
limited to just within the dusty-torus: determined by the dust subli-
mation radius, which is proportional to the incident flux (e.g., Bar-
vainis 1987; Netzer & Laor 1993). Bentz et al. (2013) find best fit-
ting values for the BLâA˘S¸Hβ radiusâA˘S¸luminosity relationship as,
αHβ = 2.8 × 10−2 pc and βHβ = 0.533, where the luminosity is mea-
sured at 5100Å and normalized to L0 = λ Lλ = 1044 erg s−1. The
radius-luminosity relationship is observed to hold quite well over
a broad range of AGN parameters, for example up to eight orders
of magnitude in luminosity (e.g., Kaspi et al. 2007). Note that in
this section of our analysis, we use best-fitting scaling-relationships
3 We prefer ‘kinematic’ over ‘spectroscopic’ because non-kinematic, spec-
troscopic methods of detection exist (e.g. line-ratios, and spectral deficits
from disk gaps).
4 Note that the ‘BLR radius’ is weighted by its emissivity, and in the case
of reverberation mapping, also its responsivity to continuum-flux varia-
tions. As always, there is also likely bias in the systems with measurements,
e.g. towards high Eddington fractions (e.g., Brotherton et al. 2015).
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Figure 1. Schematic of Binary AGN and their broad line regions in dif-
ferent regimes. Top: RBLR < RHill < a, where BLRs move with each AGN
in their orbit. Here, the dusty tori are near the hill radii and are partially
disrupted. Middle: RHill < RBLR ≈ a, where one or both BLRs are disrupted
by the binary companion, and the dusty torus is part of the circumbinary
disk. Bottom: RBLR > RHill, both the torus and BLR are in the circumbinary
disk and do not follow the orbital motions of the individual AGN. Only in
the top configuration can offset BLs or changing velocities be detected. In
either the top or middle panel, the dusty torus may or may not be present.
Note that the BLR radii (and emission strengths) are proportional to lumi-
nosity, which may not be proportional to each AGN’s mass.
without scatter, but the effects of measured scatter are small and dis-
cussed later. Using the bolometric corrections from Runnoe et al.
(2012),
λ5100 Lλ,5100 ≈ 2.6 × 1045 erg s−1
(
Mi
108 M
fEdd
0.1
)1.1
, (2)
combined with Eq. 1 gives,
RBLR ≈ 0.16 pc
(
Mi
108 M
fEdd
0.1
)0.59
. (3)
The BLR must be within the Hill sphere of its MBH such that
the emitting portion is not truncated by the companion (Paczyn-
ski 1977; Lin & Papaloizou 1979). This is shown schematically in
Fig. 1. The upper panel shows a wide-separation binary in which
the Hill radii of both AGN are outside of the BLR, allowing the
BLRs to move with each AGN and thus be observed as kinemati-
cally offset. The bottom panel shows a close-binary configuration
in which a single, joint BLR forms outside of the binary orbit.
This ‘circumbinary’ BLR will not track the kinematics of the bi-
nary AGN components, and will not produce detectable kinematic
offsets or variability. In between these regimes, at moderate separa-
tions, one or neither BLR may be present, which is depicted in the
middle panel.
A fitting formula from Eggleton (1983) gives the effective Hill
radius5 of each object as,
RHill,i
a
=
0.49q2/3i
0.6q2/3i + ln(1 + q
1/3
i )
. (4)
Here, qi ≡ µi/(1 − µi), is the ratio of object i’s mass to that
of the other (i.e. the traditional mass-ratio q = q2 = M2/M1), and
µi ≡ Mi/M = Mi/(M1 + M2) is each object’s mass-fraction. This fit
is consistent with both more sophisticated analytic and numerical
calculations (see, e.g., Miranda & Lai 2015). We use Eq. 4 for all of
our calculations included in the results, but Artymowicz & Lubow
(1994) give a simpler, and quite accurate6 relation that is more con-
venient for analytic calculations:
RHill,2
a
= 3−2/3µ1/3i . (5)
Using this approximation, we can set a lower-limit on the semi-
major axis to preserve the BLR. Considering that of the secondary
MBH in particular,
amin,2 ≡ 32/3RBLR,2 µ−1/32
≈ 1.9 × 10−1 pc
(
µ2
0.1
)0.25 ( M
108 M
fEdd
0.1
)0.59
.
(6)
We can also express this as a minimum orbital period,
pmin ≈ 770 yr
(
M
108 M
µ2
0.1
)0.38 ( fEdd
0.1
)0.88
. (7)
The minimum orbital period is plotted in Fig. 2, with the ad-
ditional constraint of a secondary bolometric luminosity above7
1043 erg s−1. Even with optimistic parameters for very low-mass
MBHBs, orbital periods under ∼ 100 yr are unlikely—and as we
discuss later, kinematic offsets from such low masses are likely un-
detectable.
The BLR radius used here is a characteristic radius. BLR
photo-ionization models typically find BLRs that span radii,
Router/Rinner ≈ RBLR/Rinner ≈ 5–10 (e.g., Eracleous et al. 1995; Pan-
coast et al. 2014; Baskin et al. 2014; Baskin & Laor 2018). These
observations suggest that there is not much room to partially trun-
cate the BLR. Dust reverberation mapping studies show that the
characteristic radius of the BLR is typically a factor of a few (∼ 2–
5) within that of the dusty torus (e.g., Clavel et al. 1989; Suganuma
et al. 2006; Koshida et al. 2014). If emitting BLR-material fills the
intervening space, then our usage of the characteristic BLR radius
instead of the larger dust-sublimation radius may already be some-
what conservative. Similarly, numerous studies find that the actual
truncation radius of a disk could be 25 − 50% smaller than the Hill
radius (e.g., Pichardo et al. 2005; Martin & Lubow 2011; Miranda
& Lai 2015). Eating away at the outer portions of the BLR could
substantially diminish the line luminosity.
5 This is the Hill radius defined in a volume-averaged sense. How closely
the edge of a circumsingle disk approaches the Hill sphere depends on nu-
merous factors, e.g. viscosity and pressure (e.g., Paczynski 1977).
6 The approximation is accurate to better than 95% for µ2 ∈ [10−4, 0.5].
For the primary, the expression is accurate to a factor of two, relative to the
Eggleton (1983) formula, for 1 − µ1 ∈ [10−4, 0.5].
7 We assume a limiting i-band, AB magnitude of 22 (e.g., Coffey et al.
2019), which gives a flux of νiFi ≈ 2 × 10−14 erg/s/cm2. A redshift of
z = 0.15, this corresponds to a luminosity of ≈ 1043 erg s−1 using the
Runnoe et al. (2012) 5100Å bolometric correction (≈ 9.5).
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Figure 2. Minimum binary orbital period such that the BLR characteristic
radius remains within the Hill sphere of the secondary MBH. The colormap
and contours correspond to orbital periods in years. The pale regions in the
lower-left of each panel are excluded based on a luminosity threshold of
1043 erg s−1 (iband MAB ≈ 22). The fiducial parameters of fEdd = 10−1,
q = 10−2, and M = 2 × 106 M are chosen to find the smallest orbital
periods; such low masses, however, produce very small kinematic offsets
that are effectively undetectable.
2.2 Observable Offsets
A maximum binary separation (minimum velocity-offset) is deter-
mined by requiring that the binary components are bound. This
value is determined by the ambient mass density in the galaxy core,
which is typically formulated in terms of the nuclear stellar ve-
locity dispersion, σ? — also a minimum orbital-velocity. Keeping
in mind that the velocity-dispersion measured by a spectroscopic
fiber is only a proxy for the dynamically relevant nuclear velocity
dispersion8, we calculate velocity-dispersion from the MBH–σ? of
McConnell & Ma (2013),
σ? = 180 km s−1
(
M
108 M
)0.177
. (8)
This gives a maximum binary separation of,
a <
GM
σ2?
≈ 14 pc
(
M
108 M
)0.65
. (9)
Again, we note that while scatter in scaling relationships is ne-
glected here, we find that it has little effect our results. Compar-
ing Eq. 9 with Eq. 6 shows that roughly two dex in separation are
viable for kinematic MBHB detection. Lowering the Eddington ra-
tio can increase this parameter space to include smaller-separation
MBHBs, but this comes at the cost of fainter AGN.
The maximum detectable orbital separation is based on the
minimum discernible kinematic velocity-offset. For now, we con-
sider the optimal case of viewing the system within the orbital
plane, and at the phase of peak velocity offset. Later, we account for
varying inclination and orbital phase. If we parametrize this mini-
mum detectable offset as vsens, then,
a . 0.35 pc
(
M
108 M
)( vsens
103 km s−1
)−2(1 − µ2
0.9
)2
. (10)
8 i.e. the fiber may cover a larger (or smaller) solid angle of the galaxy than
is relevant, and includes projection effects.
Prospects for detecting kinematic offsets are very sensitive to the
particular value of vsens. A value of vsens = 103 km s−1 is a typi-
cal selection criterion employed in the literature (e.g. Eracleous
et al. 2012b; cf. Liu et al. 2014), which we explore in §2.5. Using
these fiducial parameters, the maximum separation (Eq. 10) is only
slightly larger than the minimum separation (Eq. 6). Comparing
the two relations suggests a minimum total mass for a detectable
binary,
Mmin ≈ 2.3 × 107 M
( vsens
103 km s−1
)4.8( fEdd
0.1
)1.4
(
1 − µ2
0.9
)−4.8(
µ2
0.1
)0.61
.
(11)
This expression for the minimum mass scales with almost the 5th
power of the velocity-offset sensitivity, an already uncertain param-
eter, making the usefulness of this relation somewhat shaky. Note
that the strong scaling of the first mass-fraction term makes the
minimum mass increase extremely rapidly as the binary approaches
equal-mass (µ2 → 0.5).
The accessible parameter space for detecting kinematic off-
sets is shown in Fig. 3. Each subfigure shows separation (top)
and period (bottom) vs. total mass (left) and mass ratio (right).
The shaded regions show where the primary (red) and secondary
(blue) kinematic offsets are detectable based on 1) the BLR re-
maining within the Hill spheres, 2) the binary being bound, and
3) the orbital velocity being larger than vsens. The top quartet as-
sume a sensitivity to velocity offsets of vsens = 102 km s−1 (e.g., Liu
et al. 2014). The bottom set assume a velocity offset sensitivity of
vsens = 103 km s−1 (e.g., Eracleous et al. 2012b). Detectable separa-
tions are mostly restricted to ∼ [10−1, 10+1] pc, and orbital periods
between ∼ [103, 105] yr. The detectable parameter space is quite
insensitive to mass ratio, though this assumes both a fixed accre-
tion rate, and ignores that the secondary AGN may be outshone by
the primary (see §4).
There is a subtlety in how the detectable parameter space
changes with varying offset sensitivities that is worth emphasiz-
ing. At fixed masses, when vsens decreases (improves), the min-
imum detectable separation (amin) is unchanged (Eq. 6), and the
maximum detectable separation is increased (Eq. 10). At the
same time, however, the minimum detectable mass decreases
rapidly (Eq. 11), and thus amin over all masses also decreases.
This can be seen in the upper-left sub-panels of Fig. 3, where
amin ∼ 10−1 pc for vsens = 103 km s−1, but decreases to amin ∼ 10−2 pc
for vsens = 102 km s−1.
Further out in an accretion disk, the velocity gradient de-
creases until eventually differential rotation is unable to prevent
gravitational fragmentation. Numerous other possible instabilities
may also limit the disk extent, and estimations of disk bounds can
be highly model dependent. The presence of a binary adds signif-
icant additional complications. One of the most typically used sta-
bility criteria is based on the shear from differential rotation bal-
ancing self-gravity—called the Toomre criterion. We illustrate the
possibly-unstable regions as shaded grey in Fig. 3, based on the
calculation from Haiman et al. (2009), assuming that the single-
AGN Toomre stability criterion is roughly valid for a circumbinary
disk. In their formalism, the disk is decomposed into three, radially-
stratified regions distinguished by their dominant pressure source
(radiation or thermal) and opacity (Thompson or free-free). This
leads to the two distinct regions of instability in Fig. 3—triangular
when plotted against total-mass, and bands when plotted against
mass ratio.
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(a) Optimistic velocity-offset sensitivity vsens = 102 km s−1
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(b) Fiducial velocity-offset sensitivity vsens = 103 km s−1
Figure 3. Binary parameter space accessible by the detection of kinematic BL offsets of the primary (red) and secondary (blue) AGN. In each quartet of
panels, orbital separation (top) and period (bottom) are plotted against total mass (left; q = 0.1 fixed) and mass ratio (right; M = 108 M fixed). We assume an
Eddington factor fEdd = 0.1 (with a radiative efficiency of 100%) and a limiting luminosity of 1043 erg s−1. Regions are excluded based on the criteria derived
in §2: when the BLR is outside of each component’s Hill sphere (‘no BLR’; dashed lines), the orbital velocity offset is undetectably small (‘undet’; solid lines),
the binary is ‘unbound’ (black line), or systems are too faint (vertical, dotted lines). The top set assume a sensitivity to velocity offsets of vsens = 102 km s−1
(e.g., Liu et al. 2014), while the bottom set take vsens = 103 km s−1 (e.g., Eracleous et al. 2012b). The grey shaded regions are Toomre unstable based on the
single AGN criteria presented in Haiman et al. (2009); how accurately this applies to binaries is unclear.
It is not obvious that Toomre stability near the binary orbit
must be required to feed each AGN’s circumsingle disk. How-
ever, because we are interested in relatively high-accretion rates
fEdd & 10−2, it seems reasonable to require a stable circumbinary
disk. Requiring Toomre stability at the binary separation is almost
always redundant with the sensitivity cut in Eq. 10, when using the
fiducial vsens = 103 km s−1 (top quartet of Fig. 3). This is broadly
true over a wide range of total-mass and Eddington-ratios. When
vsens is lowered, then smaller binary separations are detectable (as
discussed above), but Toomre stability may become an important
limitation (bottom quartet of Fig. 3). Overall, only systems with to-
tal mass M & 108 M and separations a & 10−1 pc are detectable if
vsens ∼ 103 km s−1, or if the single-AGN Toomre criterion restricts
the parameter space.
2.3 Observable Changes in Velocity Offsets
Consider two spectra taken at times separated by Tobs  τorb, as
will generally be the case; and assume that the observer is oriented
within the plane of the MBHB’s circular orbit. We can estimate
the time-change of velocity as ∆v ≈ (dv/dt)Tobs, where the accel-
eration dv/dt must be considered at a particular orbital phase. The
maximum change in velocity occurs when both objects are aligned
(phase zero for a sinusoidal velocity),
∆vi,max = Tobs(1 − µi)2 GMa2 ,
∆v2,max ≈ 180 km s−1
(
M
108 M
)(
Tobs
5 yr
)(
a
10−1 pc
)−2(1 − µ2
0.9
)2
.
(12)
Detections will be strongly biased against zero phase, however, be-
cause it corresponds to zero velocity offset of the projected orbital
motion (Eracleous et al. 2012a). When the velocity offset is max-
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imal (phase ±pi/2), the observed change in velocity is at its mini-
mum:
∆vi,min = T 2obs(1 − µi)3
(GM)3/2
a7/2
,
∆v2,min ≈ 17 km s−1
(
M
108 M
)3/2( Tobs
5 yr
)2( a
10−1 pc
)−7/2(1 − µ2
0.9
)3
.
(13)
While selecting for measurably offset BL centroids, the ∆v2,min is a
more characteristic value. Identifying systems with both a substan-
tial velocity offset and velocity shift is significantly more difficult
than either alone.
Consider a survey in which we search solely for BLRs with
changing velocities, regardless of whether the BLR centroid is off-
set or not. Such a sample would be biased towards the regime in
which Eq. 12 is applicable. The strong separation dependence ini-
tially seems encouraging because even for a modest sensitivity to
velocity changes, small separations would still seem to be highly
detectable. Here, however, the separations at which the BLR re-
mains within the Hill spheres of AGN is of critical importance. By
assuming some sensitivity to velocity-changes, ∆vsens, we can com-
pare the minimum allowed separation (s.t. a > RHill > RBLR; Eq. 6)
to the maximum separation that is detectable (s.t. ∆v2,min > ∆vsens;
Eq. 13):
amax,∆v
amin
≈ 0.70
(
Tobs
5yr
)1/2(
∆vsens
100 km s−1
)−1/2( M
108 M
)−0.086
(
1 − µ2
0.9
) (
µ2
0.1
)−1/4( fEdd
0.1
)−1/4
.
(14)
For these fiducial parameters, the maximum detectable separation
is smaller than the minimum allowed, and there is no range of sep-
arations for which a changing velocity-offset is detectable. Due to
the weak scalings with parameters in Eq. 14, this is true for the
majority of the plausible parameter space. Therefore, spectroscopic
surveys which target changing BLR velocities are unlikely to detect
signatures of binary AGN. If the binary mass ratio q . 10−3, then
a small range of separations with detectable changing-velocities
opens up. Surveys which additionally target offset BLRs are more
likely to be in the regime of Eq. 13, which makes searches even
more challenging.
2.4 Double-Peaked BLs
For the BLs from both AGN to be observable, the binary orbital
velocity must be larger than the combined characteristic widths of
both BLs. As pointed out by, e.g., Chen et al. (1989); Eracleous &
Halpern (1994); Shen & Loeb (2010b), this is generally in conflict
with the need for each BLR to remain bound to its MBH and thus
be closer-in than the binary orbit itself (see Fig. 1). Kinematically
separated BL peaks from each AGN are thus unlikely to ever be
observable. We can estimate the maximum orbital velocity that still
preserves each BLR using Eq. 6,
vorb,max ≈ 1500 km s−1
(
M
108 M
)0.21(
µ2
10−1
)−0.13( fEdd
10−1
)−0.29
, (15)
which is still a factor of two to ten lower than characteristic BL
widths, σBLR ≈ 3 × 103 – 104 km s−1 (e.g., Stern & Laor 2012).
Double-peaked BLs would seem very difficult to be produced
from an AGN binary, unless BLs are able to be produced in binary
systems from outside of each AGN’s Hill radius—while still be-
ing bound to each AGN individually. Allowing the Hill sphere to
partially impinge on the BLR modestly increases the maximum al-
lowable orbital velocity, but likely also removes the lower-velocity
portion of the BLs, making two distinct peaks more difficult to pro-
duce. A number of insightful reasons why most observed AGN with
double-peaked BLs are unlikely to be in binaries are outlined in
Eracleous & Halpern (1994) and De Rosa et al. (2019). Notably,
double-peaked BLs are much too common in single AGN (e.g. 20%
of radio-loud AGN; Eracleous & Halpern 2003), and are well fit by
single-AGN models.
2.5 The sensitivity to velocity offsets
The accuracy with which the centroid of a profile can be measured
is particularly important in the pulsar timing and stellar/exoplanet
communities. The sensitivity is often calculated using the Cramér-
Rao bound / Fischer information matrix or equivalently from a
maximum likelihood treatment (e.g., Landman et al. 1982; Connes
1985; Butler et al. 1996; Lovis & Fischer 2010; Beatty & Gaudi
2015). Here we motivate the key scalings based on a simple exam-
ple. Consider a triangular spectral feature (and perfectly matching
model) of amplitude (A) and full width at half maximum (FWHM:
W). Fitting the model to the spectrum with a single pixel (i.e. reso-
lution element) has a centroid uncertainty σi due to both the pixel
size (σin) and the amplitude uncertainty (with root-mean-square
amplitude σA). The amplitude uncertainty translates into a spectral
uncertainty based on the feature’s slope. This can be taken as inde-
pendent and thus adds in quadrature. Defining the signal-to-noise
ratio as Samp ≡ A/σA, and identifying the number of resolution ele-
ments within the feature as Nres = W/σin, we can write,
σ2i =σ
2
in +
(W
A
σA
)2
≈ σ2in
(
Nres
Samp
)2
. (16)
The approximation relies on the feature being wider than it is tall in
terms of resolution, or equivalently that the SNR per pixel is small.
We can convert from FWHM to Gaussian standard-deviation, and
identify this with the characteristic width of the BL such that,
W = 2(2 ln 2)1/2σBLR. The combined accuracy of fitting with Nres
elements and Nobs independent observations can then be written as,
σv = (2 ln 2)1/4
(σBLRσin)1/2
S
≈ 102 km s−1 N−1/2obs
(
Samp
101/2
)−1(
σBLR
104 km s−1
)1/2( σin
10 km s−1
)1/2
.
(17)
The derivation leading to Eq. 17 is simple and highly idealized, but
in most respects it should represent an optimal sensitivity. BLs are
of course not triangles, and in general are centrally-peaked—with
the highest amplitude feature being much narrower, and contribut-
ing most of the SNR. The highest velocity material, on the other
hand, which should best trace the offset AGN components, is much
broader and contributes less to the SNR, which make the effective
accuracy much lower. BL shapes are also known to be typically
asymmetric and highly variable, both of which further degrade the
accuracy of centroiding.
The best sensitivity is likely achieved by template matching,
using a template constructed from independent observations to de-
crease the impact of uncorrelated temporal variations. Cordes &
Shannon (2010, Eq.A3), for example, give the minimum centroid
error of template matching for pulsar pulses and find an expression
matching the scalings of Eq. 17, and with a numerical pre-factor
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that differs by only ≈ 5%. Their result is also identical to the tradi-
tional maximum-likelihood based estimates, for example in Land-
man et al. (1982, Eq. 4b), and should also be effectively very sim-
ilar to the results of cross-correlation which are typically used for
BLs. Beatty & Gaudi (2015) show that variations to profile shape
(e.g. Gaussian vs. Lorentzian, etc) lead to changes in the prefactor
on the order of ∼ 10%. Overall, this suggests that there is a fairly
clear theoretical limit to centroid accuracy that is quite general and
fairly insensitive to assumptions.
Here we have assumed an intrinsic BL velocity-width, σBLR ≈
104 km s−1. A somewhat lower value of ≈ 3 × 103 km s−1 is more
representative of the bulk of observed AGN (e.g Stern & Laor
2012). At the same time, the tails of BLs beyond the FWHM are
produced closer to the AGN, and thus likely the best tracers of its
motion. ‘Instrumental broadening’ in the literature is also typically
much larger (e.g. & 100 km s−1 Barth et al. 2015) than our fiducial
value of σin = 10 km s−1, though determining and comparing the
most appropriate metric (i.e. systemic vs. per-pixel, at what SNR,
etc) is not entirely obvious, and of course varies by instrument and
methodology.
The preceding error analysis suggests that the accuracy to
which AGN BL positions can be measured is ∼ 100 km s−1, at
best. BLRs, however, are highly dynamical, and the ability to iden-
tify kinematic offsets as potential binary candidates also depends
on the intrinsic stability of BL signals themselves. Velocity offsets
of broad Balmer lines tend to vary (‘jitter’) over a few hundred
km s−1 over time intervals of 1− 6 months (Barth et al. 2015; Doan
et al. 2019). Jitter amplitudes from Doan et al. (2019) are shown in
Fig. A1, where the median jitter for red and blue components are
270 km/s and 390 km/s respectively.
A possible source of this jitter is that varying continuum emis-
sion reverberates off of BLR components whose Doppler factors
vary asymmetrically with their time-delay (Blandford & McKee
1982). For example, consider an AGN whose BLR is part of a fast
outflow, oriented in a disk-like geometry that is inclined relative
to the observer. If the continuum emission increases in brightness,
the observer will first see it reverberate off of the nearer-side of
the disk, which is blue-shifted from the outflow, and thus the early
response will be a bluing of the line, followed later by a redden-
ing. Barth et al. (2015) discuss numerous possible sources of jitter,
including this “asymmetric reverberation” induced jitter, and find
that it can produce variations of hundreds of km s−1 on timescales
comparable to the continuum variability.
AGN in MBH binary systems are expected to be intrinsically
rare, with a fraction of all AGN at best . 10−2 (e.g., Volonteri
et al. 2009; Kelley et al. 2019b). Naively, a characteristic kinematic
offset should be at least this rare (10−2 ≈ 2.3 Gaussian standard-
deviations) in single AGN to hint at the presence of a binary. This
implies a minimum velocity offset of & 230 km s−1 from Eq. 17.
The observational jitter measurements of Doan et al. (2019) imply a
significantly higher empirical cutoff of & 600–800 km s−1, and the
true high-jitter tails of the distribution are likely significantly larger
than based on these ≈ dozen measurements.
Based on these considerations, taking vsens ∼ 103 km s−1 as a
typical intrinsic sensitivity to kinematic offsets seems very reason-
able, and is often used in the literature to select for offset systems
(e.g., Eracleous et al. 2012b). Also, using this value for the sensi-
tivity to changing velocity offsets (∆vsens) would seem similarly rea-
sonable, whereas ∆vsens ∼ 102 km s−1 would seem quite optimistic
except, perhaps, in cases of very high SNR spectra, and AGN
known to have BLs that are particularly stable. The latter, however,
might itself substantially bias against binary AGN. The presence of
a massive companion will generally seed and grow time-dependent
variability in the accretion flow. While this is likely concentrated at
timescales near the orbital period (e.g., Miranda et al. 2017), faster
variations are certainly possible (e.g., Farris et al. 2014), for exam-
ple if spiral density waves are excited in each AGN’s circumsingle
disk.
3 KINEMATIC OFFSETS IN EVOLVING MBH BINARY
POPULATIONS
The binary parameter space that is accessible through kinematic
offsets was shown in Fig. 3 and discussed above. The intrinsic dis-
tribution of binary parameters is biased towards low total masses
and large separations (see, e.g., Kelley et al. 2017a). To account for
the underlying parameter distributions, we use a simulated popu-
lation of binary AGN and apply the selection criteria described in
§2. The binary population is derived from the ‘Illustris’ cosmolog-
ical, hydrodynamic simulations (Vogelsberger et al. 2013, 2014b;
Torrey et al. 2014; Vogelsberger et al. 2014a; Genel et al. 2014;
Sijacki et al. 2015), and evolved in post-processing using semi-
analytic models presented in (Kelley et al. 2017a,b). This produces
a population of ≈ 104 binaries, where each component mass is be-
tween 106 and ≈ 1010 M.
Based on the cosmological evolution of the universe, we can
extrapolate from this population in a finite volumeto an entire pop-
ulation of binaries in the observer’s past light-cone. We employ
kernel density-estimation (KDE), a type of non-parametric multi-
dimensional parameter estimation, to infer the underlying distribu-
tion of binary properties, and then resample to the required tens to
hundreds of millions of systems. The KDE approach (e.g., Scott &
Sain 2005) smooths each data point over a ‘kernel’ that fills in gaps
between the data points, while still preserving the covariance and
structure of the input. Resampling from a histogram is equivalent to
a KDE with a top-hat kernel, at discrete locations. The KDE pack-
age we use is being generalized for use by the community Kelley
(in prep.).
The accretion rate onto each component of the binaries is not
resolved in Illustris (nor the structure of their disks or BLRs), al-
though it does provide an accretion rate onto the combined system.
How this overall accretion rate into post-merger galactic nuclei is
partitioned between binary MBHs is unclear, particularly for the
binary separations of interest here (see §4). Due to these uncer-
tainties we continue to adopt a fixed Eddington factor To account
for viewing angle effects for kinematic offsets (voff) and their shifts
(∆v), we use the expressions derived in Pflueger et al. (2018) for
the probability of detecting a given offset Pvoff (x ≡ vsens/voff) or shift
P∆v(y ≡ ∆vsens/∆v),
Pvoff = 1−
2
pi
[
arcsin x + x ln
(
1 + cos(arcsin x)
x
) ]
,
P∆v =
2
pi
[
arccos y − y ln
(
1 + sin(arccos y)
y
) ]
.
(18)
Because Pvoff and P∆v are strongly anti-correlated in viewing an-
gle (§2.3), we use the approximation that the combined probability
Pvoff∆v = Pvoff P∆v, which gives accurate results
9.
9 Note that Pflueger et al. (2018) do provide an exact expression for Pvoff∆v,
though it must be integrated numerically for each parameter combination.
The approximation we use is typically accurate to ∼ 10% for individual
systems, and better than 5% for the overall population.
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Figure 4. Distributions of parameters for all binaries (black) and those with a detectable kinematic signature in the secondary AGN (colors). Less
than 10−7 of primaries are observable, which are not shown. Secondary AGN with observable velocity offsets (voff) are shown in blue assuming a sensitivity
of vsens = 103 km s−1. Secondaries with observable changing velocities (∆v) are shown in orange (solid) for a sensitivity ∆vsens = 102 km s−1, and observing
baseline of Tobs = 5 yr. Systems where both offsets and changes are detectable (orange, dotted) are mostly a uniform subset of the ∆v sample, and are almost
indistinguishable in the 2D contour plots. An optical flux cutoff of 6 × 10−14erg/s/cm2 (AB Mag ≈ 21) is also imposed, where all AGN are assumed to be
accreting at an Eddington fraction of 0.1.
The distribution of binary parameters are shown in Fig. 4 for
all binaries and those with detectable kinematic signatures. The
populations are compared for all binaries (black), those with a de-
tectable kinematic offset (voff, blue), changing offset (∆v, orange
solid), and both (orange dashed). Because, generally, P∆v  Pvoff ,
half (52%) of systems with a detectable changing-offset also have
offsets voff > vsens. All binaries, and those with detectable voff, and
∆v, are each concentrated in different regions of parameters space.
All binaries tend to have low total masses, high-mass ratios10,
and long orbital periods where their residence times a/(da/dt) are
longest. The decline in systems with a & 10 pc is due to systems
not being gravitationally bound at larger separations. All detectable
systems are biased towards the largest total masses, and more ex-
treme mass-ratios, which produce the largest orbital velocities in
the secondary AGN. For the same reason, detectable systems prefer
smaller separations — but below ∼ 0.1 pc, the shrinking Hill radii
10 Note that this is partially a selection effect because we only include
MBH masses M > 106 M, and thus the dominant number of binaries with
total-masses near M ∼ 106 M can only have near-equal mass ratios.
begin to exclude BLRs. Only one in roughly every four million
binaries has a detectable primary offset, and these never have a de-
tectable changing offset. None of our binaries have double-peaked
BLs with offsets in both the primary and secondary AGN. We there-
fore focus our analysis on systems with a detectable secondary.
The fraction of binaries that are kinematically detectable are
plotted in Fig. 5 for a subset of parameters. Overall, 5 × 10−3 of bi-
naries have a secondary AGN with detectable voff > 103 km s−1, and
only 3 × 10−4 with ∆v > 102 km s−1. Parametrically, systems with
detectable ∆v are a fairly uniform subset of those with detectable
voff. The ∆v and voff are necessarily anti-correlated in orbital phase
(§2.3). For this reason only half of ∆v detectable systems also have
a detectable voff, at 1.4 × 10−4 of all binaries. We have also tried in-
cluding the scatter from observational scaling relationships in our
calculations, in particular the scatter in MBH–σ? from McConnell
& Ma (2013) and BLâA˘S¸Hβ radiusâA˘S¸luminosity from Bentz et al.
(2013). The changes to the plotted histograms are imperceptible,
and the overall detection rates are hardly changed: systems with
detectable ∆v go from 2.7× 10−4 to 2.8× 10−4, and those with both
∆v and voff go from 1.4 × 10−4 to 1.5 × 10−4.
Our binary evolution models take into account the mass ra-
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Figure 5. Fraction of binary AGN with detectable kinematic signa-
tures from the secondary. The same parameters are used as in Fig. 4:
vsens = 103 km s−1, observing baseline Tobs = 5 yr, ∆vsens = 102 km s−1,
and Fopt > 6 × 10−14erg/s/cm2 (MAB & 21). Overall, 0.49% of secondaries
have a detectable offset and only 0.027% have detectable changes in veloc-
ity. Both kinematic signatures are simultaneously detectable in 0.014% of
systems. Distributions of binary parameters for detectable systems are listed
in Table A1.
tios, both of the MBHs and their host galaxies, in all stages of their
evolution. Still, the dynamics of more extreme mass-ratio systems
are even more uncertain than that of MBHBs overall. Our analysis
also does not take into account that the secondary AGN, which al-
ways produced the detectable kinematic offsets, must be discernible
behind the emission of the primary, which may be much brighter.
For these reasons we caution that the number of detectable extreme
mass-ratio systems may be overestimated here.
As apparent in Fig. 4, detectable binary parameters are only
very weakly dependent on redshift. The Hβ BL is one of the most
commonly used to search for binary candidates, but is only observ-
able in SDSS out to a redshift of ≈ 0.7;, though MgII and CIV are
useful at larger redshifts. In Table A1 we include tabulated quan-
tiles for detectable systems at low to moderate redshifts: z < 0.7.
4 DISCUSSION & CONCLUSIONS
Based on empirical scaling relations in AGN BL properties, and
simple physical considerations, we have shown that kinematically
offset AGN are detectable in only a narrow range of parameter
space. BL regions from relatively bright AGN are observed to have
characteristic radii on the order of 0.1 pc (e.g., Kaspi et al. 2007;
Bentz et al. 2013), suggesting that binary separations must be at
least this wide for their BLs to remain observable, and to trace the
motion of each AGN component. At binary separations larger than
∼ 1pc, orbital velocities become too small to reliably detect. For
the same reason, binaries of total mass much less than ≈ 108 M
are rarely detectable. Even if we have underestimated the sensitiv-
ity of spectroscopic surveys to kinematic offsets, the accretion disk
radii corresponding to BLRs in lower mass systems may be suscep-
tible to gravitational instability. The dynamical stability of disks,
especially in the case of circumbinary disks, however, is highly un-
certain.
Requiring a minimum binary separation implies that the short-
est orbital periods of kinematically detectable systems is optimisti-
cally hundreds of yr, with periods of 103–104 yr being typical.
While binary candidates from AGN with photometric, periodically-
variability can be filtered to some degree by waiting for numerous
complete cycles (e.g., Sesana et al. 2018), likely this cannot be done
for kinematic candidates.
Much of our analysis hinges on the premise that BLs are
only observable if produced at the measured, characteristic radii
of BLRs. While these measurements span a wide range of AGN
parameters (e.g. redshift and luminosity; Kaspi et al. 2007), the
total number of systems by which they are calibrated is still rel-
atively small and may suffer from selection biases. How BLs are
formed in more complex environments, such as MBH binaries and
their circumbinary- and circumsingle- disks are only beginning to
be explored in detail (e.g., Bogdanovic´ et al. 2008; Shen & Loeb
2010a; Nguyen & Bogdanovic´ 2016; Nguyen et al. 2019b). Studies
such as these are starting to show how intricate the BLR environ-
ment can be around binary systems. In our analysis, and all others
on binary AGN BLs to our knowledge, feedback processes such
as energetic outflows and jets have been entirely neglected. These
processes could not only alter but even disrupt a companion’s BLR
(either dynamically or radiatively).
The same considerations apply to dusty tori immediately out-
side of BLRs. The absence of dusty tori may be characteristic for
AGN with binary companions (see middle-panel of Fig. 1), though
this is highly speculative. If it is the case, it may be detectable
through an infrared deficit. Obscuration of the BLR for viewing an-
gles near the plane of the AGN disk, one of the hallmarks of AGN
unification (e.g., Antonucci & Miller 1985; Antonucci 1993; Urry
& Padovani 1995; Urry 2004; Nenkova et al. 2008; but, cf. Penston
& Perez 1984; DiPompeo et al. 2017), has also been neglected in
our analysis. Dusty torus truncation may remediate some obscura-
tion effects, but not if they are instead produced by high column-
densities from dusty outflows (e.g., Konigl & Kartje 1994; Elitzur
& Shlosman 2006), or time-dependent but more isotropic obscur-
ers. Galaxy mergers also trigger increases in AGN obscuration
(e.g., Hopkins et al. 2005; Koss et al. 2016; Ricci et al. 2017; Blecha
et al. 2018; Pfeifle et al. 2019), though how the timing and duration
of increased obscuration compares to MBHB inspiral times and the
lifetimes of kinematically-detectable AGN is unclear.
Our analysis is sensitive to the fundamental accuracy by which
BL centroids can be measured. Based on highly-simplified pro-
file fitting considerations, we find that accuracies are likely at best
∼ 100 km s−1. BLs are known to be asymmetric and highly vari-
able, where studies have shown that their velocities can shift by
many hundreds of km s−1 on month to year timescales (Barth et al.
2015; Doan et al. 2019). Based on these considerations, we use a
fiducial sensitivity to velocity offsets of vsens = 103 km s−1, and
what we consider to be a very optimistic sensitivity to changing ve-
locities of ∆vsens = 102 km s−1. These considerations do not account
for possible contamination of offset lines produced by post-merger,
recoiling AGN (e.g., Blecha et al. 2016; Sayeb et al. prep); but ulti-
mately, in that case, it would still mark the presence of a past binary.
The amplitude of velocity shifts from Brownian motion of single-
AGN are expected to be very small (e.g., Merritt 2001), at least in
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relatively massive galaxies11, and thus should not be an important
confusion or noise source.
We apply our observability criteria to a population of Illus-
tris MBH binaries with masses between ≈ 106 – 1010 M, that are
evolved from galaxy merger at kpc-scale separations down to even-
tual coalescence (Kelley et al. 2017a,b). Using the fiducial sensitiv-
ities discussed above, and assuming a universal Eddington fraction
of 0.1, we find that the secondary AGN should have a detectable
kinematic offset in 0.5% of binaries. Changes in the BL velocity
are only detectable in 0.03% of systems, with roughly half of those
also having a detectable offset from the rest frame. Detectable sys-
tems have binary separations near and just below 1 pc, total masses
& 109 M, and extreme mass-ratios, typically with q . 10−2. We
caution that the evolution of these extreme mass-ratio systems is
especially uncertain. For example, if accretion strongly favors the
secondary, then mass ratios may evolve noticeably during inspiral
(Siwek et al. 2020) which may decrease the occurrence rate of bi-
nary AGN with q . 0.1. Given our model assumptions, and the
overall fraction of AGN in binaries being 10−2 – 10−3 (Volonteri
et al. 2009; Kelley et al. 2019b), less than one in 104 AGN should
have detectable kinematic signatures from binary motion. These re-
sults are not significantly effected by the scatter in observed scaling
relationships.
One of the key differences between this analysis and previous
ones is the consideration of the characteristic radii of optical BLRs:
if the observed scalings hold in binaries, then the binary separation
must be large enough that the BLR remains within the Hill sphere
of each component AGN. This requirement is in tension with the
need for small orbital separations to produce detectably large veloc-
ity shifts. The parameters used in this study are motivated primar-
ily by studies of the Hβ line. Other optical BLs (e.g. MgII, CIV),
show very similar characteristics (e.g., Homayouni et al. 2020),
and the same overall conclusions likely apply. X-ray lines, like Fe-
Kα, which are produced in the immediate vicinities of MBHs, can
have significantly larger Doppler shifts, are unaffected by trunca-
tion from the companion MBH, and may tend to be brighter in the
secondary AGN. Especially in light of proposed X-ray missions
such as Athena (Barcons et al. 2017), Lynx (The Lynx Team 2018),
and XRISM (XRISM Science Team 2020), prospects for detecting
MBH binaries through X-Ray observations (e.g., Yu & Lu 2001;
McKernan et al. 2013; McKernan & Ford 2015; Haiman 2017)
should continue to be explored.
We find that the primary AGN in binaries are effectively un-
detectable. We do not account for whether or not the secondary
AGN, which are significantly lower in mass than the primaries in
detectable systems, are able to produce BLs bright enough to out-
shine the primary. Many studies have found that in circumbinary
systems, accretion preferentially favors the secondary (Artymowicz
& Lubow 1994; Gould & Rix 2000; Farris et al. 2014). As pointed
out in Pflueger et al. (2018), this does not necessarily mean the sec-
ondary will also have a brighter BL, as the Hill sphere (and thus
secondary accretion disk and BLR) is smaller than the primary. In-
deed, the analysis in Nguyen et al. (2019a,b) suggests that even if
the secondary is accreting preferentially, the primary dominates the
Hβ line, making detection of kinematic signatures in the secondary
far more difficult.
A number of reasons why double-peaked BLs are unlikely
11 though wandering and spatially-offset MBH are a rapidly developing
field of research, e.g., Tremmel et al. (2018) and Reines et al. (2020,
cf. Eftekhari et al. 2020)
to be produced by the two BLs of a binary AGN are outlined by
Eracleous et al. (and others), particularly in Eracleous & Halpern
(1994). Ultimately, it is very difficult to construct binary parame-
ters in which the difference in orbital velocities between compo-
nents can reach the width of the primary’s BL. We find no systems
in our population where this occurs. Theoretical considerations of
disk alignment suggest that circumsingle disks (and thus possibly
BLRs) may tend to be coplanar with the binary orbit (e.g., Arty-
mowicz & Lubow 1994; Ivanov et al. 1999; Bogdanovic´ et al. 2007;
Dotti et al. 2010; Miller & Krolik 2013). If this is the case, and if
a dusty torus is still present in the system, obscuration could be an
even worse issue. If both components of the binary contribute no-
ticeably to a combined BL, then the primary may not only mask
the brightness of the secondary’s BL, but its opposing velocity may
negate some of the apparent velocity shift.
Unfortunately, our analysis has yielded a fairly pessimistic
forecast for the detectability of binary MBHs through kinematic
offsets in AGN optical spectra. Our ability to identify binary AGN
in this way rests crucially on being able to better characterize the
intrinsic asymmetry and variability of BLs and their production
regions. In addition to existing data from reverberation mapping
campaigns, a larger sample of AGN with multi-epoch spectroscopy,
over a variety of timescales, is needed to understand what produces
the ‘jitter’ in AGN BLRs. Those variations, especially if they are
produced in response to continuum fluctuations, may be able to be
characterized and modeled-out when searching for binary signa-
tures. A campaign like the BH-Mapper (part of SDSS-V, Kollmeier
et al. 2017) could provide invaluable constraints, and significantly
increase the population of AGN required to plausibly identify the
signposts of binarity which appear to be so rare.
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APPENDIX A: ADDITIONAL MATERIAL
Figure A1: Distribution of velocity-offset variations (‘jitters’) from (Doan et al. 2019), for the red and blue components of the observed BLs.
Measurements are shown as ticks at y = 0, and KDE distributions are shown using a Scott’s factor bandwidth, and Gaussian kernel. The
purple curve is the KDE distribution taking both red and blue data as independent. The KDE 50% (median) and 99% (Gaussian standard
deviation σ ≈ 2.3) jitter for each component are shown with dashed vertical lines and corresponding labels.
5% 25% 50% 75% 95%
All -
M [M] 3.4 × 106 7.2 × 106 1.8 × 107 6.0 × 107 4.1 × 108
q 2.9 × 10−2 1.7 × 10−1 4.0 × 10−1 6.8 × 10−1 9.3 × 10−1
z 0.24 0.41 0.53 0.62 0.69
p [yr] 1.4 × 102 1.5 × 103 9.6 × 103 4.0 × 104 2.0 × 105
a [pc] 2.1 × 10−2 1.3 × 10−1 4.9 × 10−1 1.3 × 100 4.1 × 100
a [rg] 1.2 × 104 1.4 × 105 4.5 × 105 1.2 × 106 4.1 × 106
Secondary
Offset
(voff)
0.49%
M [M] 1.4 × 108 4.0 × 108 7.6 × 108 1.4 × 109 3.7 × 109
q 9.6 × 10−4 4.2 × 10−3 1.2 × 10−2 3.6 × 10−2 1.5 × 10−1
z 0.25 0.42 0.54 0.63 0.69
p [yr] 8.3 × 102 1.5 × 103 2.3 × 103 3.7 × 103 9.0 × 103
a [pc] 0.22 0.41 0.58 0.87 1.82
a [rg] 5.0 × 103 1.1 × 104 1.8 × 104 2.9 × 104 4.9 × 104
Secondary
Changing
(∆v)
0.027%
M [M] 2.9 × 108 8.7 × 108 1.6 × 109 2.7 × 109 5.5 × 109
q 3.9 × 10−4 7.3 × 10−4 2.2 × 10−3 3.8 × 10−3 9.1 × 10−3
z 0.25 0.37 0.50 0.59 0.68
p [yr] 5.2 × 102 7.0 × 102 8.6 × 102 1.1 × 103 1.4 × 103
a [pc] 0.19 0.30 0.39 0.49 0.73
a [rg] 2.5 × 103 3.7 × 103 5.6 × 103 8.0 × 103 1.5 × 104
Secondary
Both
(voff & ∆v)
0.014%
M [M] 4.4 × 108 1.2 × 109 1.8 × 109 3.0 × 109 6.1 × 109
q 3.6 × 10−4 6.2 × 10−4 1.8 × 10−3 3.1 × 10−3 5.7 × 10−3
z 0.25 0.37 0.48 0.58 0.68
p [yr] 5.2 × 102 7.0 × 102 8.4 × 102 1.0 × 103 1.4 × 103
a [pc] 0.22 0.33 0.41 0.51 0.76
a [rg] 2.3 × 103 3.3 × 103 4.8 × 103 6.6 × 103 1.1 × 104
Table A1: Parameters of detectable binary systems with redshift z < 0.7. The indicated quantiles are given for total mass (M), mass ratio
(q), separation (a), and orbital period (p). In only four binaries (2 × 10−8 of systems) is the primary detectable, and those have parameters:
M ≈ 2–5 × 109 M, q ≈ 0.7–0.9, z ≈ 0.6–0.8, a ≈ 2.2–2.8 pc.
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